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Analysis of the L1-Deficient Mouse Phenotype
Reveals Cross-Talk between Sema3A and L1
Signaling Pathways in Axonal Guidance
spectrum of neurological disorders, referred to collec-
tively as MASA syndrome, has been attributed to muta-
tions in the X-linked gene encoding the neural cell adhe-
sion molecule L1 (reviewed by Kamiguchi et al., 1998).
As a common feature, abnormal development of major
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³Zentrum fuÈ r Molekulare Neurobiologie L1 is a transmembrane glycoprotein composed of six
University of Hamburg immunoglobulin domains and five fibronectin type III
Martinstrasse 52 repeats (Schachner, 1991). It is known to regulate neu-
D-20246 Hamburg ritic growth through both homophilic and heterophilic
Germany interactions (BruÈ mmendorf and Rathjen, 1996). Consis-
tent with such a function, L1 expression in the devel-
oping nervous system is high on subsets of growing
axons and on their growth cones, including the pyrami-Summary
dal tract (Joosten and Gribnau, 1989). There is compel-
ling evidence from in vitro experiments that L1 activates
In humans, defects of the corticospinal tract have been several signaling pathways through second messenger
attributed to mutations in the gene encoding L1 CAM, cascades (reviewed by Burden-Gulley et al., 1997) and
a phenotype that is reproduced in L1-deficient mice. may also drive cytoskeletal rearrangements (Davis and
Using coculture assays, we report that Sema3A se- Bennett, 1994).
creted from the ventral spinal cord repels cortical ax- Using coculture experiments, we report here that cor-
ons from wild-type but not from L1-deficient mice. L1 tical neurons from wild-type mice respond to a repulsive
and neuropilin-1 (NP-1) form a stable complex, and signal released by the ventral spinal cord, which we have
their extracellular domains can directly associate. identified as Sema3A. Cortical axons from L1-deficient
Thus, L1 is a component of the Sema3A receptor com- mice failed to respond to the spinal cord signal and to
plex, and L1 mutations may disrupt Sema3A signaling Sema3A but not to Sema3B or Sema3E. Coimmunopre-
cipitation and binding assays showed that L1 and neuro-in the growth cone, leading to guidance errors. Addi-
pilin-1 (NP-1), but not NP-2, participate in a commontion of soluble L1Fc chimeric molecules does not re-
molecular complex and that the extracellular domainsstore Sema3A responsiveness of L1-deficient axons;
of L1 and NP-1 interact. Addition of L1Fc chimeric mole-instead, it converts the repulsion of wild-type axons
cules to the cocultures converted the Sema3A-inducedinto an attraction, further supporting a function for
repulsion of wild-type cortical axons into an attractionL1 in the Sema3A transducing pathways within the
but had no effect on L1-deficient axons. L1 was alsogrowth cone.
required for dorsal root ganglion (DRG) axons to re-
spond to Sema3A. Together, these finding indicate that
Introduction Sema3A-L1 cross-talk in growth cones may be impor-
tant during the formation of neuronal connections.
A crucial step in the establishment of patterned neuronal
connections is the guidance of nerve fibers toward their
appropriate synaptic targets. Axonal pathfinding relies Results
upon coordinated interactions between multiple envi-
ronmental cues and their corresponding axonal recep- The Ventral Part of the Rostral Spinal Cord Releases
tors. During development, the cerebral cortex extends a Chemorepellent for Cortical Axons
complex long-range projections toward various cortical At birth, the corticospinal axons have reached the me-
and subcortical structures. One major cortical projection dulla, following a ventral pathway through the hindbrain.
is the descending pyramidal tract that connects a subset At the junction with the spinal cord, the axons turn dor-
of layer 5 cortical cells to motor neurons and interneu- sally and cross the midline, joining the dorsal funiculus.
rons in the spinal cord. The cellular and molecular mech- This change in axon trajectory along the dorso±ventral
anisms controlling pyramidal tract pathfinding are axis may result from the action of diffusible cues re-
largely unknown. However, some clues have been pro- leased by the spinal cord: either the axons may be at-
vided by genetic analysis of human mutations. A wide tracted by signals released from the dorsal spinal cord,
or, conversely, they may be repelled by ventral signals.
To explore these possibilities, we prepared cortical§ To whom correspondence should be addressed (e-mail: rougon@
lgpd.univ-mrs.fr). slices from neonatal mice and cocultured them with
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Figure 1. Coculture Assays and Quantitative
Analysis of Axonal Guidance
(A) Pathway of the corticospinal tract showing
the pyramidal decussation. Explants from
ventral and dorsal spinal cord were dissected
as shown by the boxes.
(B) View of a coculture of cortical slices and
spinal cord explants. The two boxes identify
the 600 mm region of the cortical slices se-
lected for the quantitative analysis of axonal
growth. Scale bar, 200 mm.
(C) Combination of cortical slices and dorsal
spinal cord explants from wild-type mice. No
statistical difference was noticed in the num-
ber of axons (left panel) and the axonal length
(right panel) in the fiber outgrowth directed
toward and away from the spinal cord ex-
plants.
(D) Combination of cortical slices and ventral
spinal cord explants from wild-type mice.
Both the number of axons and axonal length
were significantly reduced when fibers ex-
tended toward the ventral spinal cord ex-
plants, when compared with the outgrowth
on the opposite face.
(E) Combination of cortical slices from L12/Y
mice and ventral spinal cord explants from
wild-type mice. The number of cortical axons
and the axonal length away from and toward
the spinal cord explant were statistically
comparable.
Abbreviations: m, medulla; wt, wild-type; rsc,
rostral spinal cord; dSC, dorsal spinal cord
explant; vSC, ventral spinal cord explant; sc,
spinal cord explant; ctx, cortical slice, and ns,
not significant. Double asterisk, p , 0.0001 in
statistical analysis using Student's t test.
rostral spinal cord explants, originating from either ven- detect an influence of these tissues, as in both cases,
a comparable amount of fibers grew away from andtral or dorsal regions (Figures 1A and 1B).
When cortical slices were confronted with dorsal spi- toward the cocultured explant (Tables 1A and 1B), and
the length of the axons did not statistically differ (Tablesnal cord explants, no influence of the tissue was de-
tected on the trajectory of axons emerging from the 1A and 1B).
cortical slices, as illustrated by a guidance index of 0.07
(28 cocultures from five animals; quantitative data in
Figure 1C). In contrast, when cortical slices were cul- Cortical Axons from L1-Deficient Mice Do Not
Respond to the Ventral Spinaltured with ventral spinal cord explants, most cortical
fibers grew away from the cocultured tissue (Figures Cord±Derived Chemorepellent
In L1-deficient mice, the corticospinal tract is severely1D and 2A). This repulsive effect was supported by a
negative guidance index (21.35, 54 cocultures from nine reduced in size, and the pyramid decussation is im-
paired (Dahme et al., 1997; Cohen et al., 1998). Cohenanimals). Quantitative analysis showed that 68% of ax-
ons grew away from the ventral spinal cord explant (p , and colleagues observed that many axons cross the
midline but fail to reach the contralateral dorsal column,0.01; Figure 1D) and that in this direction, fiber length
was increased by 70%, when compared with the side remaining in a ventral position. We examined whether
these defects of axonal guidance could be reproducedfacing the spinal cord explant (p , 0.0001; Figure 1D).
Thus, the ventral part of the spinal cord releases a chem- using our coculture model. As the gene encoding L1 is
carried by the X chromosome, only the males (L12/Y)orepulsive signal for cortical axons.
To further investigate the mechanisms controlling the were used in this study. When cortical slices prepared
from newborn L12/Y mice were cocultured with L12/Ytrajectory of the corticospinal tract, we examined
whether the ventral and dorsal parts of the medulla pro- ventral spinal cord explants, the axons grew equally well
toward and away from the explants, as indicated by avide chemotropic cues for cortical axons. We could not
L1-NP-1 Complex Supports Sema3A Repulsion
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Figure 2. Ventral Spinal Cord Explants Exert
a Repellent Effect on Cortical Axons from
Wild-Type but Not from L12/Y Mice
Axonal growth from cortical slices after 2 DIV,
visualized with anti-phosphorylated neurofi-
lament antibodies and the mean qualitative
guidance index attributed to the cocultures.
The upper photograph shows a low magnifi-
cation of a coculture and the relative position
of the tissues. The lower photographs repre-
sent a higher magnification of parts of the
slice opposed to and facing the spinal cord
explant.
(A) In the cocultures of wild-type tissues,
most cortical axons were repelled by the spi-
nal cord explant, as indicated by the negative
guidance index.
(B) In the cocultures of L12/Y tissues, cortical
axons were not repelled by the ventral spinal
cord explant, as indicated with a guidance
index close to zero. Scale bar, 50 mm.
Abbreviations: cs, cortical slice, and vSC,
ventral spinal cord explant.
guidance index of 0.05 (20 cocultures from four animals) attributed to the cultures (19 cocultures from two ani-
mals), and 62.4% of axons grew away from the spinaland the quantitative analysis of the outgrowth (Table 1C).
The absence of a chemorepulsive effect observed in cord explant (p , 0.05). Likewise, the repulsive effect
was clearly observed on the fiber length, as the axonsthe cocultures prepared from L1-deficient mice could
be due to a lack of response of cortical axons. Alterna- that grew away from the spinal cord explant were 44%
longer than those growing toward it (p , 0.0001; Tabletively, the L12/Y ventral spinal cord might not produce
or secrete the chemorepellent. To distinguish these two 1D). Conversely, L12/Y cortical slices were cultured with
L11/Y ventral spinal cord explants. Under these condi-possibilities, L11/Y cortical slices were cultured with
L12/Y ventral spinal cord explants. Under these condi- tions, cortical axons grew equally well toward and away
from the explant, as indicated by a guidance index oftions, the spinal cord explant repelled cortical axons, as
observed in control experiments performed with tissues 0.05 (36 cocultures from five animals; Figure 2B). The
number of axons and the fiber length were similar onfrom wild-type mice. A guidance index of 21.21 was
Table 1. Quantitative Analysis of Axonal Guidance in Cocultures of Cortical Slices and Medulla or Spinal Cord Explants
Number of Axons Axonal length
Cocultures Toward Away From Toward Away From
(A) Wt cortex/ventral medulla 24.2 6 2 24.8 6 2 (ns) 366 6 23 367 6 34 (ns)
(B) Wt cortex/dorsal medulla 22.2 6 1 26.7 6 1 (ns) 398 6 19 403 6 16 (ns)
(C) L12/Y cortex/L12/Y ventral spinal cord 25.6 6 3 29.3 6 3 (ns) 405 6 44 328 6 40 (ns)
(D) Wt cortex/L12/Y ventral spinal cord 14.3 6 3 32 6 3* 247 6 22 404 6 25**
(A and B) Combination of wild-type (wt) cortical slices and ventral or dorsal explants from the medulla showing no difference between cortical
axonal growth away from and toward the medullar explants.
(C and D) Cortical axons from L12/Y mice exhibited a comparable growth toward and away from L12/Y ventral spinal cord explants (C),
whereas cortical axons from wild-type mice were still deflected away (D). Thus, the chemorepellent is still secreted by the L12/Y spinal cord.
Abbreviation: ns, not significant. Asterisk, p , 0.01; double asterisk, p , 0.001; statistical difference found with Student's t test.
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Table 2. Quantitative Analysis of Axonal Guidance in Coculture Assays in Presence of Anti-NP-1 Antibodies and in Cocultures of
Cortical Slices and COS Cell Aggregates Secreting Sema3A
Number of Axons Axonal length
Cocultures Toward Away From Toward Away From
(A) Wt cortex/ventral spinal cord 1 anti-NP-1 30.5 6 3 30.1 6 2 (ns) 292 6 13 287 6 15 (ns)
(B) Wt cortex/ventral spinal cord 14.5 6 1 32.7 6 2** 143.1 6 7 379 6 17**
(C) Wt cortex/COS Sema3A 9.1 6 1 26.4 6 3** 175 6 8 323.4 6 13**
(D) L12Y cortex/COS Sema3A 16.7 6 1 16.1 6 1 (ns) 230.9 6 7 213.6 6 6 (ns)
(A and B) Cocultures of cortical slices and ventral spinal cord explants. Application of anti-NP-1 antibodies (A) abolished the repulsion observed
in the control condition (B). Thus, the chemorepellent secreted by the ventral spinal cord is a member of the class III semaphorin family.
(C) Both the number of axons and axonal length extending from wild-type (wt) cortical slices were significantly reduced on the side facing
the COS cell aggregates secreting Sema3A.
(D) A comparable amount of fibers extending from L12/Y cortical slices grew away from and toward the COS cell aggregates. Similarly, axonal
lengths were not different on either side of the slices, indicating that the repulsive effect of Sema3A on these axons was lost.
Abbreviation: ns, not significant. Double asterisk, p , 0.001; statistical difference found with Student's t test.
both sides of the slices (Figure 1E). Thus, the L1-defi- reached 21.28 and 21.13, respectively, 40 cocultures
cient cortical axons are not responsive to the chemore- from four animals). In contrast, the axons were not de-
pellent released from the ventral spinal cord. Similar to flected away from aggregates secreting Sema3A (guid-
observations made with wild-type tissues, dorsal spinal ance index of 20.1, 28 cocultures from four animals;
cord explants from L12/Y mice had no influence on Figures 3A and 3B). Moreover, quantification of the num-
axon outgrowth of cortical explants, whether derived ber and length of axons confirmed this observation (Ta-
from wild-type or L1-deficient mice (data not shown). bles 2C and 2D).
Taken together, these findings strongly suggest that
L1 Deficiency Impairs the Chemorepellent Effect L1 is a necessary component of the Sema3A signaling
of Sema3A on Cortical Axons pathway in neonatal cortical axons. Moreover, they point
The ventral spinal cord is known to secrete a number to Sema3A as the candidate chemorepellent secreted
of guidance molecules that belong to the semaphorin by ventrally located cells in the spinal cord. Accordingly,
family (Wright et al., 1995; PuÈ schel et al., 1996). Recent in situ hybridization performed on sagittal sections from
studies have implicated Sema3A and Sema3C in the neonate mice (Figure 4A) showed that sema3A mRNA
early guidance of corticofugal projections (Bagnard et has the appropriate spatial and temporal expression
al., 1998). However, it is unknown whether cortical neu- pattern in the spinal cord. The region of pyramidal de-
rons remain responsive to semaphorins at later stages. cussation coincides with an abrupt change in the
In addition, the responsiveness of cortical neurons to Sema3A expression. In contrast, sema3B mRNA is not
other semaphorins has not yet been tested. As a first synthesized by spinal cord cells at the pyramidal decus-
step, we used neutralizing antibodies directed against sation. Likewise, sema3E mRNA is scattered throughout
NP-1, an obligatory component of receptors for class the medulla and the cervical spinal cord (Figure 4A).
III semaphorins (Raper, 2000). After addition of anti-
NP-1 antibodies (a28-purified, 20 mg/ml; He and Tessier-
Lavigne, 1997) in the medium of wild-type cortical neu- Expression of Neuropilin-1 Is Not Affected
rons cocultured with ventral spinal cord, the guidance in L1-Deficient Mice
index shifted from 21.21 in the control condition to
The lack of response of L12/Y axons to Sema3A might
10.07 (24 cultures in two experiments). Quantitative
be due to events that are not directly related to thedata confirmed these qualitative observations, as no
absence of L1 expression. For example, expression ofstatistical differences were found for either the number
the Sema3A receptor NP-1 could be altered in L1-defi-or the fiber length when axons grew toward and away
cient mice. Thus, the NP-1 expression pattern was ex-from the spinal cord explants in the presence of anti-
amined in both wild-type and L1-deficient mice, andNP-1 antibodies (Tables 2A and 2B). Thus, NP-1 neutral-
particular attention was given to the cerebral cortex andization prevented the chemorepulsion, supporting class
the hippocampus, where morphogenetic defects due toIII semaphorins as likely candidates for the repellent
a lack of L1 have already been observed (Demyanenkocomponent secreted by ventral spinal cord cells. We
et al., 1999). Immunofluorescence labeling for NP-1 wasthen attempted to identify which of the class III sema-
performed on brain sections from postnatal day 6 (P6;phorins exert the repulsive effect. To this end, COS cells
Figure 4B). In the hippocampus, pyramidal cell bodieswere transfected with expression vectors coding for
and their apical dendrites strongly expressed NP-1, andSema3A, -3B, -3C, and -3E, and the aggregates were
the staining was not different between the sections fromcocultured with cortical slices. Three of them, Sema3A,
wild-type and L1-deficient mice (Figure 4B). In the cere-3B, and 3E, had a repulsive influence on the trajectory
bral cortex of both wild-type and L1-deficient mice, la-of wild-type cortical axons (115 cocultures from four
beling was detected throughout the cortical layers.animals; Figures 3A and 3B).
These expression patterns are consistent with previousTo investigate which of these semaphorins still exert
studies that reported postnatal mRNA expression fora repulsive effect on cortical axons from L1-deficient
NP-1 in the pyramidal cells of the hippocampus andmice, L12/Y cortical slices were cocultured with COS
cerebral cortex (Kawakami et al., 1996; CheÂ dotal et al.,cell aggregates producing the semaphorins 3A, 3B, 3C,
1998). Thus, our data indicated that NP-1 is normallyand 3E. Sema3B and Sema3E retained a repulsive effect
on L1-deficient axons (values of the guidance index expressed in L1-deficient brain.
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Figure 3. Cocultures of Cortical Slices and
COS Cell Aggregates Secreting Members of
the Class III Semaphorin Family
(A) In the cocultures with control untrans-
fected COS cells, the guidance index was
close to zero. Sema3B, Sema3E, and Sema3A
deflected away cortical axons from wild-type
mice, as indicated by a negative guidance
index, whereas Sema3C had a moderate at-
tractive effect, shown by a positive guidance
index. In the cultures of cortical slices from
L12/Y mice, similar results were obtained ex-
cept for Sema3A, which had no repellent ef-
fect on the growth of cortical axons, as indi-
cated with a guidance index close to zero.
(B) Immunofluorescent staining for neurofila-
ment of the cocultures showing the repulsive
effect of Sema3A on cortical axons from wild-
type mice, the loss of response of L12/Y ax-
ons to Sema3A but not to Sema3B. Scale bar,
50 mm.
L1 and NP-1 Directly Interact in a Molecular Complex from postnatal stages when pyramidal projections reach
the spinal cord. The proteins were extracted in the pres-The functional interaction between L1 and Sema3A
ence of detergent and immunoprecipitated with eithercould result either from a direct association between
anti-L1 or anti-NP-1 antibodies. In both cases (Figure 5A),NP-1 and L1 within multimolecular complexes or from
L1 and NP-1 were detected in the immunoprecipitates.a cross-talk in the signal transduction pathways trig-
These findings demonstrate that in vivo, L1 and NP-1 alsogered by these two molecules. To address this issue,
associate within a common molecular complex.we searched for a potential interaction between NP-1
Coimmunoprecipitation does not necessarily meanand L1 both in a heterologous expression system and
direct interaction within a multimolecular complex. Thisin vivo. Full-length L1, HA-tagged full-length NP-1, or
issue was further examined in binding assays on COSboth were transiently transfected in COS7 cells. After 2
cells expressing L1, NP-1, or NP-2. L1Fc chimeras (3days in vitro, the cell lysates were immunoprecipitated
mg/ml) were either directly incubated with the cells orwith either anti-HA or anti-L1 antibodies. The proteins
were cross-linked with anti-Fc antibodies before incuba-contained in the precipitates were analyzed by gel elec-
tion. L1Fc was shown to bind to L1-expressing COStrophoresis, and immunoblots with anti-NP-1 and anti-
cells as the result of a homophilic interaction. Most im-L1 antibodies. Both L1 and NP-1 were found in the im-
portantly, we also observed binding of the L1Fc chimeramunoprecipitates (Figure 5A). In this cell line, L1 proteins
on COS cells expressing NP-1 but not NP-2 (Figure 5B).were expressed as doublets, corresponding to two gly-
This result indicated that a direct interaction can occurcosylation variants (Hillenbrand et al., 1999). Similar re-
between the L1 extracellular domain and NP-1. We alsosults were obtained when the cells were incubated with
investigated whether L1 could directly interact withSema3A prior to the lysis, indicating that Sema3A is not
Sema3A. Binding assays were performed with Sema3Anecessary for L1 and NP-1 to form a complex (data
fused to alkaline phosphatase (Sema3A-AP). We firstnot shown). Several control experiments confirmed the
verified that it binds to NP-1- and L1-NP-1-transfectedspecificity of the antibodies used for the coimmunopre-
cells and that L1Fc did not prevent this binding (Figurecipitation and immunodetection of L1 and NP-1 (Figure
5C). No AP signal was obtained on COS cells expressing5A). We also investigated whether L1 forms a complex
L1 alone, indicating that Sema3A does not directly inter-with NP-2, a semaphorin receptor that is not required for
act with L1.Sema3A signaling (Raper, 2000). Immunoprecipitation
was performed on the lysate of L1 and NP-2 double
transfectants with the antibody anti-Myc, the epitope- Soluble L1Fc Prevents the Sema3A-Induced
fused tag for NP-2. We found that L1 and NP-2 did not Collapse of Growth Cones from
coprecipitate (Figure 5A). To examine the presence of Wild-Type Cortical Neurons
L1-NP-1 complexes in vivo, coimmunoprecipitation ex- The above experiments suggest that the function of L1
within the complex is to ensure the specificity of Sema3Aperiments were conducted on brain lysates prepared
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signaling and the direction of the response. To investi-
gate this hypothesis, we tried to interfere with the L1
signaling pathway in wild-type cortical axons in order
to disturb Sema3A-induced repulsion. To this end, the
influence of L1Fc chimera on Sema3A activity was ex-
amined in growth cone collapse assays on cortical ax-
ons (Figure 6A). Supernatant from Sema3A-transfected
COS cells added to the culture medium of cortical slices
strongly increased the percentage of collapsed growth
cones (66.9% instead of 27.1% in control conditions,
1176 growth cones, three experiments). L1Fc at 3 mg/ml,
a concentration described by Doherty and colleagues
(1995) to efficiently promote neurite outgrowth of cere-
bellar granule cells, did not influence the level of growth
cone collapse. In contrast, when applied in combination
with Sema3A, L1Fc totally prevented the Sema3A col-
lapsing effect, as only 33.5% of growth cones were col-
lapsed (251 growth cones, two experiments). Moreover,
application of Sema3A supernatant to cortical cultures
from L1-deficient mice did not modify the level of col-
lapse, compared with the control (33% and 31.8%, re-
spectively, 398 growth cones, two experiments). As a
control for the selective effect of L1Fc on Sema3A, some
cultures were treated with Sema3B, another semaphorin
found to be repulsive for cortical axons in slice cultures
from both wild-type and L1-deficient mice. Addition of
L1Fc did not prevent the Sema3B-induced collapse
(70% with Sema3B and 66.5% with Sema3B and L1Fc,
384 growth cones, two experiments; Figure 6A).
Soluble L1Fc Converted Sema3A-Induced Repulsion
into Attraction
In a complementary set of experiments, soluble L1Fc
chimera at 3 mg/ml was added to the medium of wild-
type cortical slices cultured either alone or together with
ventral spinal cord explants. When cortical slices were
cultured alone, addition of L1Fc had a fiber outgrowth±
promoting effect. It increased by 60.1% the number of
axons extending from the slices (24 cultures from two
animals, p , 0.0001) and by 39.8% their length (70 axons
measured, p , 0.0001), when compared with the control
conditions. In the cocultures of cortical slices and ventral
spinal cord explants, the L1Fc chimera not only abol-
ished the repulsive properties of the ventral spinal cord
explant but, surprisingly, also converted the repulsion
into an attraction (Figure 6B). The guidance index attrib-
uted to the cocultures shifted to a positive value (11,
18 cocultures from three animals). Likewise, 67% of
axons grew toward the explant (p , 0.05), and their
length was increased by 81% when compared with ax-
ons growing in the opposite direction (p , 0.0001; Table
3A). In contrast, application of L1Fc in the cocultures of
Figure 4. Sema3A, -3B, and -3E In Situ Hybridization on Sagittal cortical slices from L1-deficient mice neither restored a
Sections from Neonatal Brain and NP-1 Expression in the L1-Defi- repulsive response of the axons nor induced an attrac-
cient Mice
tive response to the spinal cord±induced guidance cue
(A) Sema3E expression is detected throughout the medulla and
the spinal cord, whereas sema3B mRNA is not produced in these
regions. In contrast, the appearance of a ventral Sema3A expression
is observed at the junction between the caudal medulla and the
spinal cord, the region where the pyramidal tract operates the de- ing that the pattern is similar in wild-type and L1-deficient mice.
cussation. (Be±Bh) Expression of NP-1 in the cerebral cortex. (Be) and (Bg)
(B) Immunofluorescence detection of NP-1 expression in the postna- show bisbenzimide staining of the cortical layering in the wild-type
tal brain of wild-type (Ba, Bb, Be, and Bf) and L12/Y mice (Bc, Bd, and L1-deficient mice. NP-1 is detected in all cortical layers, with
Bg, and Bh). a prominent level in the superficial layers (Bf and Bh). The expression
(Ba±Bd) Expression of NP-1 in the hippocampus. (Ba) and (Bc) show pattern does not differ between wild-type and L1-deficient mice.
bisbenzimide staining in the CA1 region. (Bb) and (Bd) show NP-1 Abbreviations: p, pons; pd, zone corresponding to the pyramidal
expression in the pyramidal cells and their apical dendrites, indicat- decussation; sc, spinal cord; pl, pyramidal layer.
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(guidance index of ±0.16, 25 cultures from five animals;
quantitative data in Table 3B).
To demonstrate directly that the chemoattraction ob-
served in the cocultures of wild-type cortical slices and
ventral spinal cord explants resulted from a change in
the Sema3A signaling induced by the L1Fc chimera,
axon trajectories were examined in cocultures of cortical
slices with COS cells secreting Sema3A. Both qualitative
and quantitative analyses showed that in the presence
of L1Fc, axons were not repelled, as in control condi-
tions, but were attracted toward the cell aggregates (40
cocultures, three experiments, guidance index of 21 for
the control and 10.9 with L1Fc; quantitative data in
Table 3C). Together, this set of assays demonstrated
first that L1Fc converts the Sema3A-induced repulsion
into attraction and second that both repulsive and at-
tractive responses to Sema3A depend upon L1.
L1 Is Also Required for DRG Axons to Respond
to the Chemorepulsive Effect of Sema3A
Our results for cortical neurons raise the question of
whether the functional interaction between L1 and
Sema3A may be a general modulatory mechanism. We
tested other neuronal cell types known to be Sema3A
sensitive and performed cocultures of DRG and ventral
spinal cord explants from neonatal mice. In vitro, both
ventral spinal cord explants and COS cell aggregates
secreting Sema3A repel embryonic DRG axons (Fitzger-
ald et al., 1993; Messersmith et al., 1995). We show here
that this effect persists in neonates, since in cocultures
of wild-type DRG and ventral spinal cord explants, most
of the axons grew on the side opposing the spinal cord
(guidance index of 20.78, 37 cocultures from six ani-
mals; Figure 7A). The majority of axons (70%, p , 0.0001;
Table 4A) extended away from rather than toward the
spinal cord explant, and fibers were 77% longer on the
opposing than on the facing side (p , 0.0001; Table 4A).
In contrast, the axon outgrowth of L12/Y DRG explants
was not influenced by the cocultured ventral spinal cord
explant (guidance index of 20.07, 29 cocultures from
three animals; Figure 7B; quantitative data in Table 4B).
Thus, DRG axons that lack the L1 protein do not respond
Figure 5. L1 and NP-1 Form a Stable Molecular Complex, and L1 to spinal cord±derived chemorepulsion. In this culture
and NP-1 Extracellular Domains Physically Interact model, L1Fc was also able to convert the spinal cord±
(A) Coimmunoprecipitation experiments. COS cells were transfected induced repulsion into attraction, as indicated by a guid-
with expression vectors for L1, NP-1, or both. Cells were lysed and ance index of 0.9 (12 cocultures from two animals; Figure
proteins were immunoprecipitated with anti-HA or anti-L1 antibod- 7C; quantitative data in Table 4C).
ies. Proteins in the precipitates were analyzed in Western blot for
We also performed cocultures of DRG explants andthe presence of NP-1 and L1. L1 and HA-tagged NP-1 were both
Sema3A-secreting COS cells. Wild-type DRG axonsdetected in the anti-L1 and anti-HA precipitates. Controls showed
were deflected away from the aggregate (guidance in-that the antibodies used were specific, since anti-HA antibodies
dex of 21.04, 22 cocultures, two experiments), whereasdid not precipitate L1, and, conversely, anti-L1 antibodies did not
precipitate NP-1. Immunoprecipitations with anti-NP-1 and anti-L1 L1-deficient axons exhibited a radial growth (guidance
were performed on brain extracts, and L1 and NP-1 were also found index of 10.06, 14 cocultures, two experiments; Tables
to coimmunoprecipitate. As a control, no proteins were detected in 4D and 4E). In the presence of L1Fc, wild-type axons
the precipitate when the precipitation was done using nonimmune grew preferentially toward the Sema3A-secreting aggre-
Igs (NI). COS cells were transfected with expression vectors for
L1, NP-2, or both. Immunoprecipitation experiments with anti-Myc
antibodies (directed against the Myc tag fused to NP-2) on L1-NP-2
double transfectants revealed that no L1 protein was found in the
mouse anti-c-Myc antibodies. Binding of L1Fc was detected on L1-precipitate. Thus, L1 forms a stable molecular complex with NP-1
but not with NP-2. expressing COS cells and on NP-1-transfected COS cells but not
on NP-2-expressing COS cells.(B) Binding assays with L1Fc chimera. Cells were transfected with
expression vectors for L1, NP-1, or NP-2 and incubated for 1 hr (C) Binding assays with Sema3A-AP on COS cells transfected with
expression vectors for L1, NP-1, and L1/NP-1 together and in thewith L1Fc (3 mg/ml) previously clustered with anti-Fc immunoglobu-
lins (50 mg/ml). The bound chimera was revealed using Texas red± presence of L1Fc (3 mg/ml). Note that an AP staining was observed
in all conditions except in the cultures of L1-expressing COS cells,conjugated secondary antibodies. NP-1 expression was identified
with mouse anti-HA antibodies, L1 with rat anti-L1, and NP-2 with showing that L1 does not bind Sema3A. Scale bar, 50 mm.
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Figure 6. Effects of L1Fc Chimera in Collapse Assays and Cocultures with Cortical Slices and Ventral Spinal Cord Explants
(A) Collapse assays. Above: phase contrast photomicrographs of individual growth cones of wild-type cortical axons illustrating their morphology
under control conditions, in the presence of Sema3A supernatant alone and in combination with soluble L1Fc chimera. Below: quantification
of the number of growth cones showing a collapsed or a complex morphology. Cortical slices from wild-type (Aa±Af) and L12/Y (Ag±Ah)
mice. Application of supernatant from Sema3A-secreting COS cells increased the number of growth cones collapsed (Ac), when compared
with the control (supernatant from untransfected cells, [Aa]). When the L1Fc chimera was added to the control supernatant, no change was
noticed (Ab). In contrast, addition of L1Fc chimera prevented the growth cones from collapsing in the presence of Sema3A supernatant (Ad).
Sema3B supernatant induced the collapse of growth cones from cortical neurons (Ae), and this collapse was not prevented by addition of
L1Fc (Af). Similar low percentage of growth cones collapsed in control (Ag) and in presence of Sema3A supernatant (Ah) was observed in
cultures of cortical slices from L12/Y mice. Statistical analysis was performed with a x2 test; p , 0.005 when the control was compared with
Sema3A, Sema3B, or Sema3B 1 L1Fc but was not significant when compared with Sema3A 1 L1Fc, L1Fc alone, L12/Y 1 control, or
L12/Y 1 Sema3A.
(B) Effect of soluble L1Fc chimera in cocultures of cortical slices and ventral spinal cord explants from wild-type mice. As illustrated by the
positive guidance index and the photomicrographs, L1Fc chimera converted into attraction the ventral spinal cord±derived chemorepulsion
that was observed under control conditions (see Figure 2). Scale bar, 50 mm.
gates (guidance index of 10.6; 10 cocultures in two arrived at the junction with the spinal cord, the fiber
experiments; Table 4F), indicating that Sema3A-induced tract crosses the midline to enter the contralateral dorsal
repulsion was converted into attraction. Thus, the cross- column (pyramidal decussation). The present study in-
talk between L1 and Sema3A signaling pathways is likely vestigated the chemotropic mechanisms underlying the
to be a widely operative mechanism. guidance of the pyramidal tract along the dorso±ventral
axis in the spinal cord. Using a coculture approach, we
have shown that a signal secreted by the ventral spinal
cord repels cortical axons. In vivo, this signal may oper-Discussion
ate in the guidance of the pyramidal tract, inducing the
fibers to adopt a dorsal course in the spinal cord.Cortical Axons Are Deflected Away from the Ventral
A convergent set of data from the present study sug-Spinal Cord by a Chemorepellent Activity
gests that the repellent signal is Sema3A. First, applica-Identified as Sema3A
tion of anti-NP-1 antibodies in the cocultures of cortexDuring development, corticospinal projections grow
along a ventral pathway through the medulla. Having and ventral spinal cord explants prevents the chemore-
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Table 3. Quantitative Analysis of Axonal Guidance in Coculture Experiments Performed in the Presence of the L1Fc Chimera
Number of Axons Axonal length
Cocultures Toward Away From Toward Away From
(A) Wt cortex/ventral spinal cord 1 L1Fc 29.1 6 6 14.5 6 2* 306.4 6 27 169.3 6 14**
(B) L12Y cortex/ventral spinal cord 1 L1Fc 23.9 6 2 24.3 6 2 (ns) 276.7 6 10 284.9 6 10 (ns)
(C) Wt cortex/COS Sema3A 1 L1Fc 30.1 6 3 13.1 6 1** 306.4 6 27 169.3 6 14**
(A) Cortical slices and ventral spinal cord explants from wild-type (wt) mice were cocultured in the presence of L1Fc chimera. The number
and length of axons facing the spinal cord explants were significantly increased. This indicates that L1Fc changes the repellent effect of the
spinal cord explant into an attraction.
(B) When the experiments were done with L12/Y cortical slices and wild-type ventral spinal cord explants, L1Fc did not modify the fiber
outgrowth, as axons were not attracted toward the spinal cord explant.
(C) In cocultures of cortical slices and COS cell aggregates secreting Sema3A, L1Fc switched Sema3A-induced chemorepulsion into attraction.
Abbreviation: ns, not significant; asterisk, p , 0.01; double asterisk, p , 0.001; statistical difference found with Student's t test.
pulsion. Second, COS cell aggregates secreting Sema3A the spatiotemporal expression pattern of Sema3A, to-
gether with its in vitro repulsive properties, is consistentrepel cortical axons. Third, sema3A mRNA, but not the
mRNAs of other semaphorins acting through NP-1, is with a role for the protein at the pyramidal decussation.
In addition to Sema3A, Sema3B and Sema3E alsosynthesized at the right place and time to steer the
corticospinal fibers dorsally when they reach the caudal repelled cortical axons in coculture assays, whereas
Sema3C had a modest attractive effect. It is now clearborder of the medulla. In particular, a striking upregula-
tion of ventral Sema3A expression marks the junction that during development, multiple positional cues guide
axon populations along their pathway (reviewed by Tes-between the caudal medulla and the spinal cord. Fourth,
L1-deficient cortical axons lose their responsiveness to sier-Lavigne and Goodman, 1996). Although Sema3B
and -3E are not expressed in the right time or locationboth the ventral spinal cord repellent and Sema3A but
not to other members of the semaphorin family. Thus, for being operative in the pyramidal decussation, they
Figure 7. Cocultures of DRG and Ventral Spinal Cord Explants
Tissues were dissected from new born wild-type mice (A and C) or L12/Y mice (B) and cultured for 2 DIV. Ventral spinal cord explant repelled
wild-type DRG axons (A) but not L12/Y DRG axons (B). The guidance index close to zero and the illustrated views show this lack of
chemorepulsion. In (C), L1Fc chimera applied to cocultures from wild-type mice induced a conversion of the chemorepulsive effect derived
from the spinal cord explant into attraction. Scale bar, 50 mm.
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Table 4. Quantitative Analysis of Axonal Guidance in the Cocultures of DRG and Ventral Spinal Cord Explants or Sema3A-Expressing
COS Cell Aggregates
Number of Axons Axonal length
Toward Away From Toward Away From
(A) Wt DRG/ventral spinal cord 6 6 1 14 6 1** 130 6 6 230.4 6 7**
(B) L12Y DRG/ventral spinal cord 12 6 1 11 6 1 (ns) 259.2 6 10 252.4 6 11 (ns)
(C) Wt DRG/ventral spinal cord 1 L1Fc 13 6 2 6 6 1* 205.1 6 19 150.1 6 17*
(D) Wt DRG/COS Sema3A 9 6 2 22 6 3* 164.5 6 20 317.8 6 19**
(E) L12/Y DRG/COS Sema3A 21 6 1 19 6 2* 279.5 6 20 290.2 6 18**
(F) Wt DRG/COS Sema3A 1 L1Fc 17 6 2* 7 6 2* 279.9 6 15 138.4 6 10**
(A±C) Cocultures of DRG and ventral spinal cord explants. Wild-type (wt) DRG axons are repelled by the ventral spinal cord explants (A) but
not L12/Y DRG axons (B), as demonstrated by the comparison between the number of axons and axonal length measured on the distal and
proximal quadrants of the DRG explant. Addition of L1Fc chimera changed the repulsive effect into an attraction (C).
(D±F) Cocultures of DRG and Sema3A-secreting COS cell aggregates showing that DRG axons from wild-type mice (D), but not from L12/Y
mice (E), were deflected away from the COS cell aggregates. In the presence of L1Fc chimera, wild-type DRG axons grew preferentially toward
the Sema3A-secreting cell aggregates (F), indicating that L1Fc chimera converted into attraction the Sema3A-induced repulsion.
Abbreviation: ns, not significant. Asterisk, p , 0.01; double asterisk, p , 0.001; statistical difference found with Student's t test.
may be required in other specific regions of the cortical members of the Ig superfamily (reviewed by BruÈ mmen-
dorf and Rathjen, 1996), integrins (Montgomery et al.,pathways.
1996), and chondroitin sulfate proteoglycans (Milev et
al., 1994). Our finding that L1 is required for Sema3AThe Lack of Response of L1-Deficient Cortical
signaling expands its range of actions and assigns it asAxons to Sema3A-Induced Chemorepulsion
a player in mechanisms of guidance at a distance. ThisReveals a Novel Function for L1 in Axonal
raises the possibility that other fiber tracts dependingGuidance at a Distance
upon Sema3A for their guidance might also be impairedOne of our main findings was that cortical axons from
in L1-deficient mice.L1-deficient mice failed to respond to the spinal cord±
derived chemorepellent. This lack of repulsive response
from L1-deficient cortical axons could be mimicked in L1 Is a Component of the Sema3A
Receptor Complexcoculture with COS cell aggregates secreting Sema3A
but not Sema3B or -3E. This finding provides a plausible NP-1 and NP-2 are the first proteins identified as recep-
tors for the semaphorin family of guidance cues. Onlyexplanation for the axonal guidance defects observed
by Cohen and colleagues (1998) at the pyramidal decus- NP-1 is necessary for Sema3A, and probably Sema3E,
whereas binding sites for Sema3B and Sema3C aresation of L1-deficient mice, in particular the aberrant
maintenance of the pyramidal tract in the ventral spinal formed by either NP-2 homodimers or NP-1-NP-2 hetero-
dimers (Raper, 2000). Both the coculture and collapsecord at early postnatal stages. The disruption of Sema3A
chemorepulsive function in the L1-deficient mice may assays reported here demonstrate that L1 is required
for the growth cone to respond to Sema3A-inducedalso result in reduced size of the corticospinal tract in
the medulla, as Sema3A might be required for the early chemorepulsion but is not necessary for Sema3B, -3C,
or -3E biological activity. Thus, the functional couplingguidance of cortical projections in the forebrain (Polleux
et al., 1998; Bagnard et al., 1998). of L1 to Sema3A may confer an additional level of speci-
ficity to the functions of semaphorins in the guidanceIn the present study, cortical slices were dissected
from neonatal mice, a stage at which neuron production of neuronal projections.
The coimmunoprecipitation and binding experimentsis terminated in the cortex, although neuroblast migra-
tion is not yet fully completed (Miller and Nowakowski, showed that L1 and NP-1, but not NP-2, extracellular
domains are able to interact and that L1 participates1988). Corticospinal neurons are a subset of layer 5
cells (O'Leary and Koester, 1993) and constitute only a in the formation of a Sema3A receptor multimolecular
complex. There are precedents for the participation offraction of the neurons present in the postnatal cortical
slices. Since in our experiments the great majority of NP-1 in receptor heterocomplexes. For example, NP-1
binds to vascular endothelial growth factor receptoraxons were Sema3A sensitive, and experiments per-
formed after dissection of layer 5 gave similar results (VEGFR), thereby enhancing the affinity of the VEGF
ligand for its receptor (Soker et al., 1998). Furthermore,(data not shown), we assumed that postnatal cortical
neurons might share a common response to Sema3A. NP-1 forms a stable complex with the transmembrane
protein plexin-A1. Within this complex, plexin-A1 servesAt this stage, callosal axons course in vivo toward their
final contralateral target areas. Because the callosal as a signal tranducer for Sema3A-induced growth cone
collapse of sensory neurons (Takahashi et al., 1999;tract is also impaired in L1-deficient mice (Demyanenko
et al., 1999), it is tempting to speculate that callosal Tamagnone et al., 1999). The coculture and collapse
assays indicated that L1 is also necessary for neuronsprojections also require Sema3A±L1 functional interac-
tion for their guidance. to respond to Sema3A. Application of L1Fc could not
restore the response of L1-deficient axons to Sema3A,To date, L1 activity in the guidance of neuronal projec-
tions has been associated with axonal fasciculation and indicating that the intracellular domain of L1 is essential
for this response. Furthermore, L1Fc did not simplyneurite extension (reviewed by Kenwrick and Doherty,
1998). Accordingly, L1 interacts with a number of cell block Sema3A chemorepulsion of wild-type neurons but
switched it into attraction. It is therefore likely that L1±L1adhesion and extracellular matrix molecules, including
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homophilic interactions contribute to the outcome of attracted or repelled by secreted guidance signals (Ming
et al., 1997; Song et al., 1997, 1998). Sema3A chemore-Sema3A intracellular signaling in the growth cone.
L1 could achieve this function via different interac- pulsion can be converted into attraction by an increase
in cGMP levels in the growth cone, driven by nitric oxide±tions. First, its intracellular domain associates with tyro-
sine kinases and two serine/threonine kinases, including dependent intracellular pathways (Song et al., 1998).
Accordingly, it is possible that L1Fc induces the switchcasein kinase II, which has been implicated in neurite
fasciculation (Kunz et al., 1996). Second, L1 stimulation by activating the synthesis of cGMP. Consistent with
this, our preliminary data suggest that blockade of solu-is assumed to activate second-messenger systems that
are common to the pathways used by fibroblast growth ble guanylate cyclase prevents the L1Fc-induced switch
in the Sema3A response.factor receptor (FGFR) tyrosine kinases (reviewed by
Hall et al., 1996). Third, the intracytoplasmic region of In the present experiments, L1Fc may mimic L1±L1
trans-interaction of the growth cone with another cellL1 interacts with the ankyrin family of spectrin binding
proteins (Davis and Bennett, 1994). This coupling may or axonal surface. This implies that during the develop-
ment of neuronal projections, changes in L1-dependentprovide a molecular linkage between Sema3A and actin
cytoskeletal dynamics within the growth cone. Alterna- interactions may be able to switch growth cone re-
sponses to Sema3A from repulsion to attraction. Finally,tively, L1 could regulate the Sema3A signaling by influ-
encing the clustering of NP-1 within the heterocomplex. the present study raises the more general view that
specific cross-talk between cell contact and chemo-As first shown for ephrins, another family of repulsive
signals, and their receptors, the Eph tyrosine kinases, tropic guidance cues could be a potent mechanism to
coordinate the events required for guiding axon projec-the oligomeric status of receptors and ligands deter-
mines their biological activity (Stein et al., 1998). Recent tions toward their appropriate targets.
work has expanded this idea to the semaphorin family
with the demonstration that monomeric, dimeric, and
Experimental Procedures
oligomeric forms of Sema1A confer distinct functional
properties during axonal guidance in Drosophila em- Animals
bryos (Wong et al., 1999). L1-deficient mice were generated by Dahme et al. (1997). Mutants
were obtained by crossing heterozygous females with wild-type
C57BL/6 males. In the progeny, males were genotyped with PCR,L1Fc Chimeras Convert Sema3A Repulsion
with primers distinguishing wild-type and mutant alleles. In the ex-into Attraction
periments, we used males that carried the wild-type or the mutant
We identified the L1Fc chimera as an efficient extracellu- allele of the X-linked L1 gene.
lar signal for converting Sema3A chemorepulsion into
attraction of both cortical and DRG axons. Recently,
Coculture ExperimentsHopker and colleagues (1999) reported a comparable
Blocks of cortex were dissected from neonatal mice and cut intoability of the extracellular matrix molecule laminin to
200 mm thick slices with a McIlwain tissue chopper. Rostral regionsswitch attraction to netrin-1 into repulsion. A consider-
of the spinal cord were dissected, and dorsal and ventral parts ofable body of evidence has accumulated showing that
the tissues were separated and cut into 200 mm thick slices. In some
the same guidance cue can be either attractive or repul- instances, the DRG were also removed for coculture experiments.
sive depending on cellular context (reviewed by Faivre- These cocultures were performed in three-dimensional plasma clot,
Sarrailh and Rougon, 1997; Seeger and Beattie, 1999), as described previously (Castellani and Bolz, 1999). Cortical slices
thus promoting or inhibiting neurite extension or the were oriented in the plasma clot as illustrated in Figure 1. Such an
orientation was adopted to avoid the natural pathway of axonsformation of axon collaterals (Castellani et al., 1998;
masking an influence of the spinal cord explant. In some experi-Brose et al., 1999). The molecular mechanisms by which
ments, a28-purified anti-NP-1 antibodies (20 mg/ml) were added toL1Fc switches the Sema3A-induced response are not
the culture medium at 0 days in vitro (0 DIV). In the cocultures withclear. However, two results from the present study sug-
cell aggregates, Sema3A, -3B, -3C, and, -3E (CheÂ dotal et al., 1998)gest that it is achieved through activation of L1 signaling
were transiently expressed in COS cells after transfection by lipofec-
in the growth cone. First, L1Fc alone induced a strong tion (lipofectamine, Life Technology), and the cells were aggregated.
increase in neurite outgrowth, a process assumed to The cultures were performed as described in Bagnard et al. (1998).
result from L1±L1 homophilic interaction (Doherty et al.,
1995). Second, the response of L1-deficient axons to
Scoring and Quantitative Analysis of Axonal GuidanceSema3A was not modulated by L1Fc, indicating that
in the Coculture Assayseven if L1Fc can interact with NP1 as shown by our in
Cultures were fixed with 4% paraformaldehyde (PFA) and analyzedvitro binding tests, transmembrane L1 in the receptor
with a phase contrast microscope (Axiovert 35-M, Zeiss). The global
heterocomplex is crucial for the growth cone to undergo influence of the spinal cord tissue on the axon trajectory of cortical
Sema3A-induced chemoattraction. L1Fc may modify slices was estimated with a qualitative guidance index, from 22
the composition of the Sema3A receptor, for example, (when most fibers grew away from the spinal cord explant) to 12
by diverting L1 into another functionally distinct trans- (when most fibers grew toward the explant), with intermediate situa-
tions (index of 21 and 11 for moderate guidance effects). An indexduction unit. Such changes in the interactions con-
of zero was attributed to the cultures showing no preferential growth.tracted by the different components in the complex
All cocultures were assessed, except those that showed no growth.could initiate an attractive response to Sema3A. Like-
All scores attributed to the cocultures under a given condition werewise, recent work has demonstrated that the cyto-
pooled together to calculate the mean guidance index. The guidanceplasmic domain of axon guidance receptors and the
effect was quantified as described previously (Messersmith et al.,
formation of heterocomplexes are crucial in determining 1995) and adapted to the slice culture. A proximal and a distal region,
the type of response of the growth cone to chemotropic each covering a 600 mm piece of cortical tissue, were determined. All
cues (Bashaw and Goodman, 1999; Hong et al., 1999). fibers extending from these two regions were counted, and the
It has also been shown that cyclic nucleotide levels length of the three longest fibers was measured, using computer
analysis software (Visiolab 1000, Biocom). For immunofluorescenceare pivotal for the decision of the growth cone to be
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labeling of axons, cultures were incubated first with the anti-phos- in serum-free medium, the supernatant was collected and concen-
trated with Centricon filters (Millipore). AP activity was assessed asphorylated neurofilament antibody SMI31 (Sternberger and Meyer),
and then with Cy3-conjugated secondary antibody. described in Flanagan and Leder (1990). For binding assays, COS
cells were transiently transfected with expression vectors for NP-1,
L1, or both. In the single transfections, NP-1 and L1 were cotrans-Collapse Assays
fected with an empty vector. After 2 DIV, cells were stained withCortical slices from wild-type and L1-deficient mice were cultured
Sema3A-AP supernatant (50 ng/ml) as described previously (Taka-for 1 DIV to allow axons to extend in the plasma clot. According to
hashi et al., 1997).previous studies (Kitsukawa et al., 1997), medium of Sema3A- or
Sema3B-expressing COS cells grown at confluence in 60 mm petri
In Situ Hybridizationdishes was added (80 ml/ml) to the cortical slice cultures for 1 hr.
Postnatal mice (P0) were perfused with 4% PFA in 0.1 M phosphateControls were performed with culture medium from untransfected
buffer (pH 7.4). Brains were postfixed in PFA 4% and cryoprotectedCOS cells. After fixation with 4% PFA, the morphology of the growth
with sucrose 10%; 25 mm sections were obtained and processedcones was examined with a phase contrast microscope, and the
for in situ hybridization as described in CheÂ dotal et al. (1998).number of collapsed growth cones was determined.
NP-1 ImmunofluorescenceBinding and Culture Experiments with L1Fc Chimera
Free floating 40 mm thick vibratome sections from P5 wild-type andL1Fc chimera was purified from the culture medium of stably trans-
L12/Y mice were incubated with anti-NP-1 serum (1:500, He andfected CHO cells (Chen et al., 1999), using protein A chromatogra-
Tessier-Lavigne, 1997) overnight. Sections were rinsed several timesphy. In the coculture experiments, L1Fc was applied to the culture
with PBS and incubated with Cy3-conjugated anti-rabbit secondarymedium (3 mg/ml). In the collapse assays, L1Fc (3 mg/ml) was applied
antibodies for 1 hr at room temperature. After washing in PBS,the15 min before the addition of the supernatant. In the binding experi-
sections were counterstained with bisbenzimide (1:10,000) for 5 minments, L1Fc was first cross-linked with anti-human Fc antibodies
and mounted for observation.(50 mg/ml, Jackson Immunoresearch) for 1 hr at 378C and incubated
under the same conditions on monolayers of COS cells transfected
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